The progressive decline of lung function with aging is associated with changes in lung structure at all levels, from conducting airways to acinar airways (alveolar ducts and sacs). While information on conducting airways is becoming available from computed tomography, in vivo information on the acinar airways is not conventionally available, even though acini occupy 95% of lung volume and serve as major gas exchange units of the lung. The objectives of this study are to measure morphometric parameters of lung acinar airways in living adult humans over a broad range of ages by using an innovative MRI-based technique, in vivo lung morphometry with hyperpolarized 3 He gas, and to determine the influence of age-related differences in acinar airway morphometry on lung function. Pulmonary function tests and MRI with hyperpolarized 3 He gas were performed on 24 healthy nonsmokers aged 19-71 years. The most significant age-related difference across this population was a 27% loss of alveolar depth, h, leading to a 46% increased acinar airway lumen radius, hence, decreased resistance to acinar air transport. Importantly, the data show a negative correlation between h and the pulmonary function measures forced expiratory volume in 1 s and forced vital capacity. In vivo lung morphometry provides unique information on age-related changes in lung microstructure and their influence on lung function. We hypothesize that the observed reduction of alveolar depth in subjects with advanced aging represents a remodeling process that might be a compensatory mechanism, without which the pulmonary functional decline due to other biological factors with advancing age would be significantly larger.
LUNG FUNCTION DECLINES with aging in healthy individuals (21, 29) , and this process accelerates in diseases such as chronic obstructive pulmonary disease (COPD) (11, 19, 26) . However, little information exists on the structural changes responsible for this decline (25) . While data on conducting airways is becoming available from in vivo computed tomography imaging (11, 19, 26) , our knowledge of alterations at the level of acinar airways [alveolar ducts and sacs which occupy about 95% of lung volume (49) ] is very limited because until recently no tools were available for in vivo evaluation of these microscopic distal branches of the airway tree. In the past, such measurements relied primarily on invasive histology (8, 15, 20, 22, 27, 40, 41, 46, 49) .
The recently introduced in vivo lung morphometry technique with hyperpolarized 3 He gas MRI (53, 54) is safe (24) , validated (54) , reproducible (36) , and highly sensitive for the noninvasive measurement of acinar airways and alveoli microstructural parameters (37, 54) . Helium-3 gas lung morphometry describes the acinar airways in the framework established by Weibel and colleagues (15, 40) as cylindrical passages lined with alveolar sleeves, which are characterized by the alveolar sleeve depth (h), acinar airway radius (R), and acinar airway lumen radius (r ϭ R Ϫ h), as shown in Fig. 1 . From these parameters numerous other morphologic measurements can be calculated (54) . This technique has previously been used to measure changes in acinar airway geometry in human lungs related to pneumonectomy (6) , emphysema (37, 54) , and inspiratory volume (16) . It has also been used to study small animal lungs (33, 47) and was recently extended for use with hyperpolarized 129 Xe gas (34, 35, 44) . Previous measurements of the 3 He apparent diffusion coefficient (ADC) in lungs of adults (10, 48) and children (2, 31) found that older subjects had increased ADC values, suggesting a reduction of restrictions to gas diffusion within the acinar airways. However, characterizing the differences in acinar structure is beyond the capabilities of the ADC method because the relationship between ADC and acinar geometric parameters is ambiguous (see Fig. 14 in Ref. 53) . To the contrary, in vivo lung morphometry with hyperpolarized 3 He MRI used in this study provides direct information on the type and extent of acinar remodeling.
Here we use 3 He lung morphometry to noninvasively detect age-dependent differences in acinar microstructure in healthy human subjects and correlate acinar microstructural differences with pulmonary function to determine their contribution to age-related changes in lung function. Our results suggest that the observed reduction of alveolar depth in subjects with advanced ages represent a remodeling process that might be a compensatory mechanism, without which the lung functional decline due to other biological factors with advancing age would be significantly larger.
Since structural changes are known to occur in different lung diseases, establishing the age-dependent baseline is also essential for accurate detection and differentiation of pathological changes.
MATERIALS AND METHODS
Study design. We conducted a cross-sectional cohort study approved by the Washington University institutional review board (ID No. 201103367), and all study participants provided informed consent. Helium-3 gas MRI was conducted under Food and Drug Administration Investigational New Drug 59,269. The study enrolled 24 adult healthy never-smokers able to perform a 6-min walk, testing with maintenance of oxyhemoglobin saturation of at least 95% by pulse oximetry to help rule out previously undiagnosed pulmonary or cardiac disease. The study excluded people that had preexisting pulmonary, cerebrovascular, hematologic, or cardiac disease, or who were ineligible for MRI.
Helium-3 lung morphometry. Helium-3 gas was hyperpolarized to ϳ40% polarization by using a Nycomed Amersham Imaging IGI.9600.He polarizer (GE Healthcare, Durham, NC). Gradient echo diffusion 3 He MRI images were acquired on a Siemens 1.5T MRI scanner (Siemens Medical Systems, Iselin, NJ) by using a custom 48-cm-diameter rigid 3 He transmit and flexible 8-channel phased array receiver coil set (Stark Contrast MRI Coils Research, Erlangen, Germany) with 7 ϫ 7 mm 2 resolution over three 30-mm axial slices (flip angle of 5.5°, TR/TE ϭ 13/8.3 ms, b ϭ 0, 2, 4, 6, 8, 10 s/cm 2 , gradient pair ϭ 1.8 ms duration per lobe, 0.3 ms rise/fall times, no gap between lobes) (43, 52) . The flip angle for helium imaging was calculated from the proton calibration voltage following a previously described technique (3) . Subjects inhaled 1 liter of a 40/60 mixture of hyperpolarized 3 He gas in nitrogen from functional residual capacity (FRC) and held their breath for 9 s. During 3 He imaging, each subject's ECG and oxygen saturation were monitored for potential adverse effects.
Semiautomated segmentation of each lung was performed by using custom software in MATLAB (Mathworks, Natick, MA) to remove the contribution from the background signal and large conducting airways. For each image voxel, the data from all channels in the receiver array were jointly analyzed by Bayesian probability theory (4, 5, 38) and a previously developed mathematical model of 3 He gas diffusion in lung acinar airways (54) . In brief, we measure the diffusion MRI signal of inhaled 3 He gas, S(b), at multiple b values (characterizing diffusion gradient strength and timing) and use theoretical relationships
to calculate the apparent axial and transverse diffusion coefficients (D L and DT). These diffusion coefficients depend upon the lung microstructural parameters R (acinar airway radius) and h (alveolar depth) shown in Fig. 1 
As we have previously shown that lung morphometry measurements vary with lung inflation level (16), we standardized the results to account for differences in the relative inflation level across subjects during the MRI experiment. For each subject, we used the known volume dependence of R and h (16) to adjust these values to a consistent inflation level of FRC (the 1 liter decrease in inflation level produces a 5.7-m decrease in R and an 11.3-m increase in h). The other parameters were then calculated from the adjusted values of R and h by using Eq. 2.
Pulmonary testing. Spirometry was performed according to American Thoracic Society guidelines (30) on the same day as imaging.
Statistical analysis. Study variables consisted of the directly estimated lung morphometric parameters: alveolar depth (h), acinar airway radius (R); the derived lung morphometric parameters: r ϭ R Ϫ h, Lm, N v, S/V, SA, VL, VA; and spirometry measures: forced expiratory volume in 1 s (FEV1), forced vital capacity (FVC), and FEV1/FVC. The morphometry measurements for each participant were characterized by the median and standard deviation across the lung. Multivariate regression followed by ANOVA was conducted with the R software package (39) to determine the contribution of age, race, weight, height, and gender for each parameter value, treating P Ͻ 0.05 as significant. The age dependence of each parameter was then determined by univariate linear regression. As there are only two independent lung morphometry parameters (h and R), no correction for multiple comparisons was performed.
Spirometry measurements were modeled as a function of demographics and the selected lung morphometry parameters. Model selection was performed by including all candidate parameters and then by using the Akaike Information Criterion (1) to sequentially eliminate parameters that did not make a significant contribution. The resulting model was then used to determine the linear regression coefficients for that spirometry measurement.
RESULTS
The enrolled subjects are described in Table 1 and had largely unremarkable pulmonary function results [FVC % predicted ϭ 104 Ϯ 11 (range 81-133), FEV1% predicted ϭ 101 Ϯ 10 (range 77-121), FEV1/FVC ϭ 0.80 Ϯ 0.07 (range 61-90)]. All helium inhalations were well tolerated and no adverse events occurred. We observed no ventilation defects (regions of low signal due to the inability of helium gas to penetrate into the acinar ducts) in these healthy subjects that would prohibit quantitation of lung morphometry values. Table 2 shows the mean values and age dependence for the lung morphometry parameters at FRC and the spirometry measurements. The model age dependence was determined from a univariate linear regression of that parameter with respect to age. The regression coefficients are given in Table 2 to allow calculation of expected values of these parameters for any adult age. For all of the lung morphometry parameters except for alveolar volume (V A ), the age of the study participant was found to be a significant contributor, but race, weight, height, and gender were not. Figure 2 provides examples of the maps of the lung morphometry parameters for a younger and an older participant and illustrates the increased acinar diameter and decreased alveolar depth and alveolar density associated with older subjects. This figure also demonstrates significantly increased heterogeneity across the lung with aging for most parameters (h, Lm, r, S/V, V A , and V L ). The age dependence of each lung morphometry parameter at FRC is plotted in Fig. 3 , along with the linear model and 95% confidence intervals. In older subjects there is a significantly increased acinar airway radius and decreased alveolar depth, density, and surface-to-volume ratio. For example, compared with a 20 year old, a 70 year old would be expected to have a 44 m (27%) smaller alveolar depth (h) and a 66 m (46%) larger acinar airway lumen radius (r).
In Fig. 4 , the age dependence of the spirometry measurements is plotted along with the linear model and 95% confidence intervals, indicating decreased expiratory flow and capacity with age. FEV 1 , FVC, and FEV 1 /FVC are well known to decline with age and for a particular race and gender are typically modeled as functions of age, age 2 , and height 2 (for FEV 1 and FVC) or age (for FEV 1 /FVC) (17). We did not detect race and gender as significant contributors to our data, likely due to the relatively small number of subjects, and therefore further analyses were conducted without including these variables. We augmented the Hankinson healthy prediction models (17) , ignoring race and gender, by including h and R (the two basic parameters of our model characterizing lung acinar airways, Fig. 1) as additional parameters and then removing nonsignificant terms in a stepwise fashion based on the Akaike information criterion (AIC) (1). For our subjects, FEV 1 and FVC are functions of age, height 2 , and h, whereas the FEV 1 /FVC ratio is a function only of age (Table 3 ). Both FEV 1 and FVC increase with decreasing alveolar depth, h.
DISCUSSION
Pulmonary function in adults declines with age (13, 17, 22) and manifests as decreased expiratory forced air flow. This decline is usually attributed to a combination of structural and mechanical factors such as airspace enlargement (8, 46) and changes in lung elastic recoil, chest wall, and respiratory muscle function (29) . Conventional noninvasive techniques, such as spirometry, report on the function of the entire respiratory system and thus are unable to separate these effects and isolate specific alterations in lung microstructure at the alveolar/acinar level. The measurement of lung microstructure and the assessment of its remodeling by 3 He lung morphometry herein provides noninvasive insights into the observed functional decline with age in the healthy human lung.
The most intriguing finding in our study is the negative correlation between the pulmonary function measures of FEV 1 and FVC and the depth of the alveolar sleeve h when each subject's age and height 2 are factored into the model (Table 3 ). The significant negative dependence of FEV 1 and FVC on h is consistent with the parameter's expected influence on gas transport through the acinar airways. More specifically, gas transport in the acinar airways is primarily attributed to diffusive processes (7). The gas diffusion coefficient along acinar airways was previously modeled by Verbanck and Paiva (45) who determined that it is proportional to the ratio of the acinar airway lumen cross-sectional area r 2 to the total acinar airway cross-sectional area R 2 , i.e., (r/R) 2 . Hence, we can expect that a smaller h (bigger r) decreases the resistance to gas transport and therefore mitigates the decrease of FEV 1 with aging. The increase in (r/R) 2 with aging also means larger acinar airway lumen size that can delay airway closure upon exhalation. Since airway closure occurs at higher lung volumes with increasing age (51), the increased (r/R) 2 also means lessening of the decrease FVC with aging. If we also include this squared ratio as an additional candidate parameter for modeling the dependence of FEV 1 or FVC, we find that it replaces h in the final model (based upon the AIC). The regression coefficients and P values for the model including this ratio are given in Table 4 , and the age dependence of the squared ratio is shown in Fig. 4 . Importantly, the correlation coefficients showing association between both FEV 1 and FVC and (r/R) 2 are positive, which is consistent with our hypothesis that decreased with aging alveolar depth h in human acinar airways can be considered as an age-related adaptive mechanism.
Based on the results in Table 2 and Table 3 , we conclude that the reduction in h alone would tend to improve lung function in older subjects, increasing FEV 1 and FVC, whereas the FEV 1 /FVC ratio does not show a statistically significant association with changes in the acinar airways microstructure (Table 3) . We hypothesize that the observed differences in acinar airways microstructure between younger and older subjects represent remodeling that might be a compensatory mechanism, without which the functional decline due to mechanical factors with advancing age would be significantly larger. We expect that this compensatory ability is limited by the requirement that there remains sufficient alveolar surface area for efficient gas exchange. This hypothesis is also consistent with the report of Butler et al. (6) who found adult human lung growth after pneumonectomy and a decreased alveolar sleeve depth, h, in the nonresected lung.
Total lung capacity (TLC) increases with height (42); however, it was not certain if an increased alveolar number or an increased alveolar size causes this increase. In the current study, we found that the alveolar density, N V , is not significantly associated with height (nor were any of the other lung morphometry parameters). This suggests that the acinar microstructure is similar for healthy subjects of different heights, which is consistent with the height dependence of TLC being primarily related to differences in the total alveolar number (14) .
This study provides in vivo measurements of acinar airway morphometry in normal human lungs over a broad range of ages for the first time. The observed trends in the differences in acinar structure across different ages occurred in the same direction but with smaller magnitude than those associated with the initial changes of emphysema (37) and are consistent with the proposal that COPD is a disease of accelerated lung aging (21) . We hypothesize that aging causes a reduction in the alveolar depth and alveolar surface area, due to changes in the structure of the elastin and collagen fiber network that maintains the shape of the acinar airways (22) . Concurrently, there is a small increase in the acinar airways radii (R) which, when combined with the reduced alveolar depth, produces a significant increase in the radius of the acinar airways lumen (r). The observed increase of acinar airway radius (R) in older subjects is consistent with the findings of Weibel (50) and the known increase in lung volume with age (9) . Though the findings of increased Lm with aging by histology are sometimes interpreted as increases in alveolar size (12) , the current results suggest instead that the alveolar volume (V A ) is similar in older subjects and that it is the acinar airway lumen that increases in volume (V L ). The decreased alveolar S/V is consistent with the reported decline of gas exchange capacity with age (28) .
Our in vivo morphometric measurements and their age dependence summarized in Table 2 are comparable to those available from invasive histology measurements. The results we found for the alveolar diameter [L ϭ 0.765 R (54) ] are at the high end of published histologic values for the alveolar diameter in nonsmokers that range from 225-260 m (27, 41, Values are means Ϯ SD. Lung function parameter ϭ ␣0 ϩ ␣1 age ϩ ␣2 height 2 ϩ ␣3 h (age in years, height in cm, alveolar depth h at FRC in m). Significant P values are given in bold. Values are means Ϯ SD. Lung function parameter ϭ ␣0 ϩ ␣1 age ϩ ␣2 height 2 ϩ ␣3 (r/R) 2 (age in years, height in cm). Significant P values are given in bold. 49 ). When corrected for differences in inflation volume, Haefeli-Bleuer and Weibel's (15) measurements of acinar dimensions scale to R ϭ 300 m and r ϭ 140 m, comparable to our data for young adults in Fig. 4 (8) reported an increase of 1.17 m/year, both similar to the results in Table 2 . Our finding of shallowing of the alveolar sleeve is consistent with prediction of similar effect in emphysema (18) and the concept of COPD as accelerated lung aging (21) . Our data are also consistent with previous measurements of the 3 He ADC in lungs, which increased with age in adults (10, 48) and children (2, 31) .
One limitation of our study is the number of subjects, and we suspect that a larger study would likely detect differences due to race and gender that were not statistically significant in our study. It is possible that such a study would also identify additional significant correlations between the lung morphometry measurements, spirometry results, and participant demographics. However, the results of the current study suggest that such dependencies would be weak compared with those identified herein. Another limitation of our study is a restriction to a specific lung volume (FRC) for 3 He MRI. Measurements at several lung volumes, e.g., Ref. 16 , would be able to provide more comprehensive information on changes in lung microstructure with aging. The unavoidable cross-sectional nature of this study also restricts us to comparing different cohorts at different ages instead of following subjects over decades to fully determine the effect of aging on acinar microstructure.
In conclusion, this cross-sectional study provides a first noninvasive insight into the differences in acinar airways structure associated with aging in a healthy adult population and their effect on pulmonary function. Helium-3 gas lung morphometry detected significant age-related differences of acinar structure in our healthy participants. Specifically, in older subjects we found decreased alveolar depth, alveolar density, surface area, and surface-to-volume ratio and increased acinar airways lumen radius and volume, mean chord length, and acinar airway radius. Correlations of our morphometry measurements with spirometry data suggest that the decreased alveolar depth could be considered as an age-adaptive mechanism that reduces resistance to gas transport in the distal airways, thus partially compensating for the decline in lung mechanical function. Our results also establish a baseline of age-dependent lung parameters for use in future studies to detect pathologic changes.
